This study presents a method to analyze the effects of water vapor on the pyrolysis products of pulverized coal by using a software Factsage, which is different from existing numerous experimental approach. Water vapor can enhance the formation of the N-containing compounds NH3 and HCN, and also improve CO and H2 yields during pulverized coal pyrolysis, which is helpful to restrain NOx formation during the pulverized coal combustion, because NH3 and HCN, as CO and H2, can reduce NOx if the atmosphere is in the condition of deoxidization. However, if it is in the condition of oxidization, they can increase NOx. It is found that a certain amounts of water vapor added can be extremely useful for NOx reduction if the atmosphere of pulverized coal combustion is well controlled.
Introduction
The research on efficient and clean combustion of coal is the focus which many energy researchers are concerned about all the time. Nitrogen oxides (NO x ) are among the major environmental pollutants that have a significant detrimental effect on the atmosphere. NO x formation during the coal combustion process occurs mainly through oxidation of fuel-N (fuel NO x ) and through the oxidation of nitrogen in the combustion air (thermal NO x ). The research on pyrolysis process of coal is significant to understand NO x formation during the process of coal combustion. Conversion of fuel-N is the subject of intensive research in order to reduce the NO x emission from the power generation through coal combustion.
Extensive studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have identified HCN and NH 3 as two main precursors of NO x during the coal combustion. Therefore, analyzing the yields of HCN and NH 3 during the coal pyrolysis is favorable for seeking a better approach to control the NO x formation in coal combustion.
Our previous experimental work [ [14] [15] [16] shows that water vapor can influence the NO x formation and burnout ratio during the coal combustion or reburning process, and coal pyrolysis products have different reduction characteristics to NO x . Both low formation of NO and accelerated combustion of pulverized coal can be achieved with a certain amount of water vapor to be added under condition of both high temperature and low oxygen concentration [14] . Adding a certain amount of water vapor into the reburning zone could not only improve NO reduction by pulverized coal reburning but also increase burnout ratio [15] .
Chemical Thermodynamics, based on a relatively static view, involves the study of thermodynamic equilibrium system which is used to address the direction of chemical reactions and predict possible products and energy conversion. The basic assumption of chemical thermodynamics is that reaction system is approximately at equilibrium state.
In terms of coal pyrolysis, at a specified pressure, temperature and species in a system, when the total Gibbs free energy of the system is at a minimum, the system is at thermodynamic equilibrium state and has steady chemical composition and phase composition. Based on the principle of the minimization of total Gibbs free energy of the system, equations can be built and steady chemical composition and phase composition can be solved. Factsage software, based on the principle of minimum Gibbs function, has a very large database of chemical reactions and thermodynamics. It is the world's most important and most representative thermochemical database and chemical thermodynamics software, and has been widely used internationally.
The purpose of this paper is to study the effects of the yields of some key pyrolysis products of pulverized coal by using the chemical thermodynamics software Factsage
Mechanism of the Effect of Water Vapor on Coal
NH 3 is mainly produced from the primary pyrolysis of coal and/or the hydrogenation of char-N [1, 2, 6, 7, 10]. As shown in Fig. 1 [17] , atom nitrogen has unshared pair electrons in nitrogen aromatic ring, which makes it easy to be combined with hydrogen bond. The stability of aromatic ring becomes lower, which is prone to disconnect the ring. Furthermore nitrogen contained species bond with water vapor, which can lead to NH 3 formation.
HCN is mainly formed from the thermal cracking of the thermally less stable fuel-N structures [1, 6, 7, [11] [12] [13] . As shown in Fig. 2 [17] , during the process, oxygen and hydroxyl radicals attack the nitrogen aromatic ring and a linear chain with CN radical comes into being, which has been studied by using some model compounds [18] [19] [20] . 
Sample and Conditions
Taking Yanzhou bituminous coal as the sample for calculation, the properties of Yanzhou coal are given in Table 1 . It is pyrolyzed at argon atmosphere, and the added water vapor percentage represents the mole ratio of added water vapor to stoichiometric air of 1kg coal. Three cases are in different water content conditions: without water vapor w=0%; with water vapor w=1%; and with water vapor w=3%. The temperature range for each case is from 100 to 1400 . Fig. 4 and Fig. 5 show the yields of NH 3 , HCN, NH 3 and HCN vary with temperature at different water vapor percentages respectively. Comparing the different curves at different water vapor percentages, with the increase of water vapor percentage, the yields of NH 3 , HCN, and NH 3 +HCN obviously increase respectively. The yields of NH 3 at different water vapor percentages with w=0%, w=1%, and w=3% have peak values 0.00039 mol/kg coal, 0.00044 mol/kg coal, and 0.00056 mol/kg coal at the temperature of 321 , 340 , and 376 respectively. With the increase of water vapor percentage, the peak value appears at higher temperatures. Fig. 4 shows that, at different water vapor percentages, HCN yield increases with the temperature and especially goes up promptly after the temperature is more than 1100 . It reaches at 0.00638 mol/kg coal, 0.00700 mol/kg coal, and 0.00806 mol/kg coal at water vapor of 0%, 1%, and 3% at 1400 respectively. Comparing the yields of NH 3 , HCN, and NH 3 +HCN, NH 3 yield peak value increases 43.6% as water vapor varies from 0% to 3%. However, HCN yield at 1400 increases 26.3% as water vapor changes from 0% to 3%. When temperature is lower than 750 , NH 3 yield accounts for the most of the total yield of NH 3 and HCN. The maximum of NH 3 yield is only 6.5% of HCN yield at temperature 1400 as the water vapor is 3%. As temperature is higher than 1000 , HCN yield is more than NH 3 yield. Furthermore, the total yield of NH 3 and HCN has a peak value at the temperature of around 350 , and has a bottom value at about 750 . The bottom value shows that fuel-N converts into other pyrolysis products such as N 2 , which is extremely helpful for low NO x emission. 
Results and Discussion

Effects on Nitrogen-containing Products (NH3 and HCN)
Fig. 3,
Effects on CO and H2
Due to the reduction property of CO and H 2 to NO x , they are also calculated. Fig. 6, Fig. 7 and Fig. 8 show the yields of CO, H 2 , and CO+H 2 vary with temperature at different water vapor percentages respectively.
Comparing the different curves at different water vapor percentages, with the increase of water vapor percentage, the yields of CO, H 2 , and CO+H 2 also obviously increase respectively.
It is found that, at different water vapor percentages, the yields of CO, H 2 , and CO+H 2 increase gradually with the increase of temperature when it is lower 500 , 300 , and 400 respectively. Fig. 6 shows the yield of CO varies with temperature at different water vapor percentages. The yield of CO increase gradually with the increase of temperature, and then increase promptly from the temperature of 500 to that of 700 , and then increases gradually, and finally becomes flat after 800 . The yield of CO reaches at 8.43 mol/kg coal, 11.09 mol/kg coal, and 16.27 mol/kg coal at water vapor of 0%, 1%, and 3% at 1400 respectively. 
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(1) w=0% (2) w=1% (3) w=3% Figure 8 . Total yield of CO and H2 varying with temperature at different water vapor percentages Fig. 7 illustrates the yield of H 2 changes with temperature at different water vapor percentages. The yield of H 2 increase gradually with the increase of temperature, and then increase promptly from the temperature of 300 to that of 600 , and then increases gradually, and finally becomes flat after 800 . H 2 yield reaches at 13.09 mol/kg coal, 15.76 mol/kg coal, and 20.95 mol/kg coal at water vapor of 0%, 1%, and 3% at 1400 respectively.
The yields of CO and H 2 increase 92.9% and 60.1% as water vapor varies from 0% to 3% at 1400 respectively. Fig. 8 demonstrates the total yield of CO and H 2 varies with temperature at different water vapor percentages. The total yield increases gradually with the increase of temperature, and then increases promptly from the temperature of 400 to that of 700 , which means that the reaction of C+H 2 O CO+H 2 is probably playing an crucial role, and then increases gradually, and finally becomes flat after 800 . The increase of temperature is not very helpful for the increase of CO or H 2 when it is over 800 .
Conclusions
The Factsage software is successfully used to calculate the pyrolysis products of Yanzhou bituminous pulverized coal with a certain amounts of water vapor added at different temperatures. The effects of water vapor on the pyrolysis products NH 3 , HCN, CO, and H 2 are significantly obvious.
With the increase of water vapor percentage, the yields of NH 3 , HCN, CO, and H 2 obviously increase. NH 3 yield peak value increases 43.6% and HCN yield at 1400 increases 26.3% as water vapor varies from 0% to 3%. When temperature is lower than 750 , NH 3 yield accounts for the most of the total yield of NH 3 and HCN. However, HCN yield is much more than NH 3 yield as temperature is higher than 1000 . The yields of CO and H 2 increase 92.9% and 60.1% as water vapor varies from 0% to 3% at 1400 respectively.
Water vapor can enhance the formation of the Nitrogen-containing compounds NH 3 and HCN, and also improve CO and H 2 yields during pulverized coal pyrolysis, which is significant to restrain NO x formation during the pulverized coal combustion, because NH 3 and HCN, as CO and H 2 , can reduce NO x if the atmosphere is in the condition of deoxidization. However, if it is in the condition of oxidization, they can increase NO x .
